Introduction {#sec1-0300060515613223}
============

Duchenne and Becker muscular dystrophy (DMD and BMD) are the most common X-linked recessive neuromuscular disorders observed during childhood, with incidences of ∼1 in 3500 and 1 in 18500 live male births, respectively.^[@bibr1-0300060515613223],[@bibr2-0300060515613223]^ DMD is clinically more severe than BMD; patients with DMD usually die from cardiac or respiratory failure in their second or third decade of life. Both DMD and BMD are caused by mutations in the dystrophin gene (GenBank accession number: NG_012232), which is located on Xp21.2. The largest known human gene dystrophin spans ∼2.4 Mb and contains 79 exons and eight tissue-specific promoters.^[@bibr3-0300060515613223]^ Since the cloning of the dystrophin gene sequence in 1987,^[@bibr3-0300060515613223]^ exon deletion has been determined to be the most common molecular defect underlying the disease, accounting for ∼60% of all cases of DMD and BMD.^[@bibr4-0300060515613223],[@bibr5-0300060515613223]^ Intragenic deletions usually encompass one or more exons and are nonrandomly distributed, clustered in two specific hotspots. The distal hotspot is near the central part of the gene (around exons 44 to 53) and the proximal hotspot is located toward the 5′ end.^[@bibr3-0300060515613223],[@bibr6-0300060515613223]^ Mutational analysis is complicated by the large size of the gene, although an accurate multiplex polymerase chain reaction (PCR) method using 19-exon primers can detect ∼98% of dystrophin deletions.^[@bibr7-0300060515613223][@bibr8-0300060515613223]--[@bibr9-0300060515613223]^

The aim of the present study was to use accurate multiplex PCR to describe the deletion patterns and distribution characteristics of the dystrophin gene in a Chinese population of patients with DMD or BMD.

Patients and methods {#sec2-0300060515613223}
====================

Study population {#sec3-0300060515613223}
----------------

Unrelated male patients with DMD or BMD were recruited from the Neuromuscular Clinic, The Affiliated Children's Hospital, Capital Institute of Paediatrics, Beijing, China between January 2001 and December 2010. DMD and BMD were diagnosed according to clinical phenotype based on symptoms (elevated serum creatine kinase activity, age of onset, calf muscle hypertrophy, age at loss of ambulation, Gower's sign, electromyography, family history, and/or dystrophic pattern at muscle biopsy). Male control volunteer subjects without any neuromuscular disease were recruited and used as positive controls for PCR.

The study was approved by the ethics committee of the Capital Institute of Paediatrics, Beijing, China, and all patients and/or their guardians provided written informed consent prior to enrolment.

Accurate multiplex PCR {#sec4-0300060515613223}
----------------------

Peripheral blood (5 ml) was taken from each patient using standard methods. Genomic DNA was isolated from leukocytes using the standard phenol--chloroform method.^[@bibr10-0300060515613223]^ Deletion screening was performed with two sets of primers (which together cover 18 exons and the muscle-specific promoter \[Pm\]): Set I, exon 4, 8, 12, 17, 19, 44, 45, 48, 51; ^[@bibr7-0300060515613223],[@bibr8-0300060515613223]^ Set II: exon 3, 6, 13, 43, 47, 49, 50, 52, 60 and the muscle-specific promoter.^[@bibr9-0300060515613223]^ Primer sequences are shown in [Table 1](#table1-0300060515613223){ref-type="table"} (Life Technologies Co., Ltd; Shanghai, China). The reaction mix (25 µl) contained 100 ng genomic DNA, 1 × PCR buffer, 25 mmol/l each dNTP, 25 mmol/l magnesium chloride, 20 µmol/l each primer and 1.5 U Taq polymerase (Promega, Madison, WI, USA). Cycling conditions for Set I were 30 cycles of denaturation at 94℃ for 1 min, annealing at 55℃ for 1 min, and extension at 72℃ for 1 min. PCR conditions for Set II were 30 cycles of denaturation at 94℃ for 1 min, annealing at 60℃ for 1 min, extension at 72℃ for 1 min and a final extension at 72℃ for 5 min. All reactions were carried out using a Techne thermal cycler (Bibby Scientific Ltd, Staffordshire, UK). A normal genomic DNA sample (from control subjects) and a blank buffer served as the positive and negative controls, respectively. PCR products (5 µl) and a DNA size ladder were electrophoresed on 1.5% agarose gel stained with 0.5 µg/ml ethidium bromide, and visualized and photographed on an ultraviolet transilluminator. Table 1.Primer sequences for polymerase chain reaction of the human dystrophin gene.ExonPrimerSequence (5′--3′)PmForwardGAA GAT CTA GAC AGT GGA TAC ATA ACA AAT GCA TGReverseTTC TCC GAA GGT AAT TGC CTC CCA GAT CTG AGT CC3ForwardTCA TCC ATC ATC TTC GGC AGA TTA AReverseCAG GCG GTA GAG TAT GCC AAA TGA AAA TCA4ForwardTTG TCG GTC TCT CTG CTG GTC AGT GReverseCAA AGC CCT CAC TCA AAC ATG AAG C6ForwardCCA CAT GTA GGT CAA AAA TGT AAT GAAReverseGTC TCA GTA ATC TTC TTA CCT ATG ACT ATG G8ForwardGTC CTT TAC ACA CTT TAC CTG TTG AGReverseGGC CTC ATT CTC ATG TTC TAA TTA G12ForwardGAT AGT GGG CTT TAC TTA CAT CCT TCReverseGAA AGC ACG CAA CAT AAG ATA CAC CT13ForwardAAT AGG AGT ACC TGA GAT GTA GCA GAA ATReverseCTG ACC TTA AGT TGT TCT TCC AAA GCA G17ForwardGAC TTT CGA TGT TGA GAT TAC TTT CCCReverseAAG CTT GAG ATG CTC TCA CCT TTT CC19ForwardTTC TAC CAC ATC CCA TTT TCT TCC AReverseGAT GGC AAA AGT GTT GAG AAA AAG TC43ForwardGAA CAT GTC AAA GTC ACT GGA CTT CAT GGReverseATA TAT GTG TTA CCT ACC CTT GTC GGT CC44ForwardCTT GAT CCA TAT GCT TTT ACC TGC AReverseTCC ATC ACC CTT CAG AAC CTG ATC T45ForwardAAA CAT GGA ACA TCC TTG TGG GGA CReverseCAT TCC TAT TAG ATC TGT CGC CCT AC47ForwardCGT TGT TGC ATT TGT CTG TTT CAG TTA CReverseGTC TAA CCT TTA TCC ACT GGA GAT TTG48ForwardTTG AAT ACA TTG GTT AAA TCC CAA CAT GReverseCCT GAA TAA AGT CTT CCT TAC CAC AC49ForwardGTG CCC TTA TGT ACC AGG CAG AAA TTGReverseGCA ATG ACT CGT TAA TAG CCT TAA GAT C50ForwardCAC CAA ATG GAT TAA GAT GTT CAT GAA TReverseTCT CTC TCA CCC AGT CAT CAC TTC ATA G51ForwardGAA ATT GGC TCT TTA GCT TGT GTT TCReverseGGA GAG TAA AGT GAT TGG TGG AAA ATC52ForwardAAT GCA GGA TTT GGA ACA GAG GCG TCCReverseTTC GAT CCG TAA TGA TTG TTC TAG CCT C60ForwardAGG AGA AAT TGC GCC TCT GAA AGA GAA CGReverseCTG CAG AAG CTT CCA TCT GGT GTT CAG G[^2]

The size of each fragment was evaluated by comparison with the DNA size ladder. Deletions were diagnosed if PCR fragments were clearly absent in the patient sample compared with the normal male control sample. PCR results showing the absence of exons were confirmed by repeat PCR in addition to simultaneous amplification of each suspected missing exon, and a specifically designed control exon in a duplex PCR (for patients and normal male controls).

Reading frame analysis {#sec5-0300060515613223}
----------------------

The genotypes and phenotypes of patients with deletion patterns where the start and end points were clearly visible were analysed using an online DMD exonic deletion reading frame checker (version 1.9; available at: <http://www.dmd.nl>).

Statistical analyses {#sec6-0300060515613223}
--------------------

Data were presented as *n* (%) and mean. Differences between Hebei and Henan districts in the distribution of DMD gene deletions were evaluated using *χ*^2^-test or Fisher's exact test (when *t* \< 5 or *n* \< 40) for categorical variables. Statistical analyses were performed using SPSS® version 16.0 (SPSS Inc., Chicago, IL, USA) for Windows®. *P*-values \< 0.05 were considered statistically significant.

Results {#sec7-0300060515613223}
=======

The study recruited 401 male patients with DMD or BMD (mean age 6.6 ± 2.9 years; age range 3 months--14 years). Of these, multiplex PCR identified deletions in 238 patients (59.4%). A total of 854 exon deletions were detected (mean 3.59 per patient). Deletions were in the distal hotspot in 196 patients (82.4%) and the proximal hotspot in 32 patients (13.4%); five patients (2.1%) had deletions in both regions. The deletions of a further five patients were located outside the hotspot regions.

Single exon deletions were present in 67/238 patients (28.2%), with the most common in exon 45 (*n* = 20; 29.9%). There were no single exon deletions detected in exons Pm, 4, 6, 12, 13, 17, 48, 49 or 50. Multiple exon deletions were found in 171/238 patients (71.8%), the most common of which was exon 45--52 (*n* = 23; 13.5%). Nine patients (3.8%) had deletions of more than 10 exons.

Deletions could be classified into 54 patterns ([Figure 1](#fig1-0300060515613223){ref-type="fig"}), 22 of which were located in the proximal hotspot and 30 in the distal hotspot. Of these deletion patterns, 13/22 (59.1%) in the proximal hotspot and 7/30 (23.3%) in the distal hotspot occurred once only. Figure 1.Distribution of dystrophin gene deletions in 238 Chinese male patients with Duchenne or Becker muscular dystrophy. The top numbers represent the amplified exons, horizontal lines represent different deletion patterns, and the number in parentheses represents the number of cases with the same deletion. Pm, muscle-specific promoter.

Deletion frequencies are shown in [Figure 2](#fig2-0300060515613223){ref-type="fig"}. In the total patient group (*n* = 238), the most frequent deletion in the proximal hotspot was exon 13 (*n* = 23; 9.7%), followed by exon 12 (*n* = 22; 9.2%), exon 17 (*n* = 20; 8.4%), and exon 8 (*n* = 19; 8.0%). In the distal hotspot, exon 49 was the most common deletion (*n* = 114; 47.9%), followed by exon 48 (*n* = 112; 47.1%), exon 50 (*n* = 109; 45.8%) and exon 47 (*n* = 100; 42%). Figure 2.Frequency of individual exon deletions in the dystrophin gene in 238 Chinese male patients with Duchenne or Becker muscular dystrophy, stratified by geographical district.

Deletion frequencies were stratified by location ([Figure 2](#fig2-0300060515613223){ref-type="fig"}). In Hebei district, there were 41 patients with deletions, of whom 36 (87.8%) showed deletions in the distal hotspot, three (7.3%) in the proximal hotspot, one (2.4%) in both regions and one (2.4%) in neither hotspot. The highest deletion frequency was in exon 50 (*n* = 22; 53.7%), followed by exon 49 (*n* = 21; 51.2%) and 51 (*n* = 19; 46.3%). In Henan district, there were 28 patients with deletions, 21 (75.0%) of which were in the distal hotspot, five (17.9%) in the proximal hotspot and two (7.1%) in both regions. Exons 48 and 49 had the highest deletion frequency (both *n* = 17; 60.7%), followed by exon 50 (*n* = 16; 57.1%) and exon 47 (*n* = 12; 42.9%). There were no statistically significant between-region differences in deletion distribution.

The genotypes and phenotypes of 62 patients were analysed with the exonic deletion reading frame checker. The reading frame rule explained the relationship between genotype and phenotype in 57 cases (91.9%; [Table 2](#table2-0300060515613223){ref-type="table"}). Reading frame results were not in accordance with clinical diagnosis in the remaining five cases ([Table 3](#table3-0300060515613223){ref-type="table"}). Table 2.Deletions in the dystrophin gene conforming to the reading frame rule (correlation between genotype and phenotype) in Chinese male patients with Duchenne or Becker muscular dystrophy (*n* = 62).Exon(s) deletedReading framePhenotypeDMDBMD44Out4044--50Out1045--47In0245--48In1445--49In0245--50Out10045--51In0148--49In1248--50Out13048--51In2049--50Out7151Out110[^3][^4] Table 3.Clinical characteristics of patients with Duchenne or Becker muscular dystrophy who do not conform to the reading frame rule (correlation between genotype and phenotype).Case no.Age at diagnosis, yearsAge at onset, yearsExon deletion patternCK, U/lClinical informationClinical diagnosisReading frame131.545--4814 230Pseudohypertrophy of calf muscles, MD, difficulty in climbing stairs, falling, positive Gower's signDMDIn27.51.548--497 190Pseudohypertrophy of calf muscles, MD, difficulty in walking, positive Gower's sign, positive family historyDMDIn32.82.7548--5112 300Pseudohypertrophy of calf muscles, MD, difficulty in climbing stairs, unable to jump, falling, positive Gower's signDMDIn45.5448--5115 060Pseudohypertrophy of calf muscles, MD, difficulty in climbing stairs, waddling gait, positive Gower's signDMDIn510949--5017 597Pseudohypertrophy of calf muscles, fatigabilityBMDOut[^5]

Discussion {#sec8-0300060515613223}
==========

Detection of dystrophin deletion mutations is important in the diagnosis of DMD and BMD. Deletions tend to occur in hotspots, thus the analysis of this limited number of exons can detect 98% of dystrophin deletions. In the present study, accurate multiplex PCR was adopted to analyse 19 exons of the dystrophin gene in 401 Chinese patients and detected 59.4% of deletions.

Reported deletion detection rates vary widely, ranging between 31% and 73.86%.^[@bibr11-0300060515613223][@bibr12-0300060515613223][@bibr13-0300060515613223][@bibr14-0300060515613223][@bibr15-0300060515613223][@bibr16-0300060515613223][@bibr17-0300060515613223][@bibr18-0300060515613223][@bibr19-0300060515613223][@bibr20-0300060515613223][@bibr21-0300060515613223][@bibr22-0300060515613223][@bibr23-0300060515613223]--[@bibr24-0300060515613223]^ These differences may be caused by many factors such as race, sample size and inclusion criteria. It has been suggested that the relatively low deletion detection rate in some studies is caused by the inclusion of other similar muscle diseases, because diagnosis was based mainly on clinical symptoms and did not require muscle biopsy.^[@bibr17-0300060515613223],[@bibr21-0300060515613223]^ Further, detailed studies are needed to verify the relationship between deletion frequency and population.

In accordance with our findings, others have shown that ∼20--30% of detected deletions cluster in the proximal hotspot and ∼70--80% in the distal hotspot.^[@bibr25-0300060515613223]^ There were no differences in the deletion distribution for patients in Hebei and Henan regions in the present study, despite variations in customs and environment. This may be due to the small sample size or the fact that the residents of both districts are from the Han Chinese population, in which there is little genetic variation.

The most common deletion was in exon 49 in the present study; a finding that is consistent with a large-scale study in a Chinese population.^[@bibr26-0300060515613223]^ We have identified several other high-frequency deletions, which may be a useful target for prenatal screening.

Our data showed that deletion segments were smaller and considerably less heterogeneous in the distal hotspot than those in the proximal hotspot. As others have suggested, distal deletions are therefore more suitable than proximal lesions for comparing populations.^[@bibr27-0300060515613223],[@bibr28-0300060515613223]^

The frequency of specific single-exon deletions differs among populations. The most common single exon deletion in an Indian population was exon 50, with a frequency of 16.1% of all single exon deletions,^[@bibr29-0300060515613223]^ but this deletion was not found in any case in the present study. Exon 44 deletion occurred at a considerably higher rate in a Turkish population^[@bibr27-0300060515613223]^ compared with patients from India,^[@bibr29-0300060515613223]^ USA^[@bibr30-0300060515613223]^ or China (present study). In contrast, the single exon deletion of exon 51 had a similar frequency in all four populations. These data confirm the hypothesis, first suggested by Danieli et al^[@bibr31-0300060515613223]^ and supported by others,^[@bibr12-0300060515613223],[@bibr20-0300060515613223],[@bibr27-0300060515613223]^ that different populations possess specific differences in a certain intron sequence of the dystrophin gene. This sequence predisposes this locus to an increased frequency of breakpoint deletions. Population-based differences can therefore be ascribed to genetic drift.

The reading frame rule was first described by Monaco et al.^[@bibr32-0300060515613223]^, who found that the severity of disease is not directly associated with deletion size but largely depends on whether or not the reading frame is disrupted. Mutations that disrupt the reading frame (out-of-frame) produce unstable RNA and nearly undetectable levels of truncated proteins, resulting in the DMD phenotype. Conversely, mutations that maintain the reading frame (in-frame) result in abnormal but partially functional dystrophin, leading to the BMD phenotype. The reading-frame hypothesis holds for \>90% of cases and can guide the early-stage clinical evaluation of DMD and BMD patients. In the present study, 91.9% of cases were consistent with the reading frame rule, in agreement with others.^[@bibr5-0300060515613223],[@bibr33-0300060515613223]^ We identified five patients with inconsistent genotype--phenotype ([Table 3](#table3-0300060515613223){ref-type="table"}). Deletions in exons 45--48, 48--49, and 49--50 are known to occur in both DMD and BMD,^[@bibr34-0300060515613223],[@bibr35-0300060515613223]^ possibly due to variation in the exact location of the breakpoints within the intron. Patients with apparently similar deletion mutations are likely to have lost different gene regions because of such breakpoint variation. Different intron sequences may contain motifs that affect gene splicing, and exon skipping events may be affected by different deletion breakpoints.^[@bibr36-0300060515613223]^ Similar to another case report,^[@bibr37-0300060515613223]^ two patients with in-frame deletion of exon 48--51 presented the DMD phenotype in the present study. It is possible that these deletions may be located in critical protein regions or lead to the production of unstable protein.

The present study was limited by evaluation of mutation at the DNA level only. Future studies should investigate muscle RNA or protein level detection. The accurate multiplex PCR technique is useful in the initial step of molecular diagnosis of DMD and BMD, but is unable to detect intragenic duplication mutations or female carriers.

In conclusion, the accurate multiplex PCR method for 19 exons is an effective diagnostic tool. The distribution of dystrophin gene deletions in the Chinese population differs from other populations. These population-based differences may be caused by genetic drift.
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